INTRODUCTION
Lactones are present in many types of foods and are aroma-active compounds that produce a fruity flavor with an oily sensory perception 1 3 . For example, peach contains many types of lactones that contribute strongly to the peach flavor 4, 5 . The major lactones in peach are γ-decalactone and δ-decalactone, but other lactones consisting of 6-12 carbon atoms are considered as key flavor components of peach and their content varies for different samples 6, 7 . Beef fat also contains lactones, and the lactone composition varies based on the country where the cows are bred 8 . Interestingly, beef from Japan possesses a stronger sweet aroma than beef from other countries. This is because of medium chain length lactones such as γ-nonalactone that play an important role in imparting the sweet flavor 9 . In milk fat, there are more than 230 volatile sensory properties in terms of both the aroma and melting behavior. Moreover, the types of lactones and their content vary for different milk fat samples because lactones are easily generated during heating and/or aging of milk fat 10, 14, 15 .
The precursors of lactone are thought to be hydroxy fatty acid bound to triacylglycerol TAG , which is especially prevalent in the mono-hydroxy form 16, 17 . Lactonization is thought to occur when the hydroxy group reacts with a carboxyl carbon directly without going through hydrolysis to form a diacylglycerol DAG 15 . Thus, the rate of formation of lactones from TAG is faster than that of free fatty acids by the hydrolysis of TAG. Even a short heating process improved the sensory characteristics of a cream sample due to an increase in the lactone-derived aroma 13 .
The lactone content of milk fat was also found to be affected by seasonal and feeding conditions 18, 19 . From these findings, it can be deduced that lactones in milk fat are one of the most influential compounds because their initial content is different for each sample and they are easily generated, differences that affect the overall sensory properties of lactone-containing foods. In order to maintain the product quality or enhance the fruity and milky flavor, especially in butter and cream, it is important to determine the lactone content of dairy products using rapid and precise analytical methods. Thus far, attempts have been made to analyze the key volatile flavor components of milk fat and dairy products; for example, headspace techniques such as the dynamic headspace method and static headspace analysis using solidphase microextraction SPME method have been used 20 22 .
These methods can concentrate compounds in the vapor phase. However, the analytical range of these methods is limited and the precision of quantification by these methods is not high. Thus, these techniques may not be appropriate for the quantification of long-chain lactones.
As an alternative, short-path distillation was applied to butter oil and some new lactones were identified 23 .
Further, solvent-assisted flavor evaporation SAFE was also applied to the quantification of lactones in oil 13, 24 . This method can isolate semi-volatile compounds such as δ-tetradecalactone, δ-hexadecalactone, and δ-octadecalactone at relatively high temperature 13 . These methods are useful for concentrating fat-derived compounds, but require a relatively long time and thermal energy, where lactonization may occur. Additionally, these methods can be used to concentrate the major lactones; however, the recovery of long-chain lactones might be low compared to that of middle-chain lactones. Solvent extraction is a very simple and rapid method for the extraction of fat-derived compounds. Extraction using acetonitrile has been applied in some studies because this solvent can dissolve the majority of fat-derived compounds, including lactones, whereas TAGs and food matrices are rarely dissolved in acetonitrile at low temperature 25, 26 . In fact, there is a disadvantage to using a large amount of organic solvent for sample extraction when the content of the target compound is low, where the concentration of the samples extracted by using an evaporator is not accurate due to the loss of volatile compounds, particularly for short-chain lactones. Thus, the use of organic solvents should be minimized as much as possible. Another disadvantage is that the recovery rates of short-chain lactones and long-chain lactones are very different due to their polarity. Because of this difference, analysis of the distribution coefficients of respective lactones in the food matrix and organic solvent is an indispensable task 13 .
Thus, the ideal method for quantifying lactones with various carbon chains in milk fat by solvent extraction requires the use of only enough solvent to achieve a high recovery of all target compounds. Although the solvent extraction method suffers from these inherent disadvantages, this method has a major advantage because organic solvents can dissolve almost all fat-derived compounds including lactones. Consequently, a precise and simple method for the quantification of lactones in fat was developed herein to offset the disadvantages of solvent extraction in this study.
EXPERIMENTAL

Chemicals and materials
Three butter samples with added salt and virgin coconut oil were purchased from a local supermarket in Tokyo. The manufacture date of the butter samples was within one month prior to the analysis. Butter oil was purchased from Morinaga Milk Industries Co., Ltd. Tokyo, Japan . Lactone samples, δ-Cm m 6, 8, 9, 10, 11, 12, 14 and γ-Cn n 6, 7, 8, 9, 10, 11, 12 , were purchased from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan . δ-Hexadecalactone δ-C16 , thought to be contained in milk fat, was synthesized other regents were obtained from Wako Pure Chemical Industries, Ltd. Osaka, Japan .
Synthesis of δ-C16
The method for the synthesis of δ-C16 is illustrated in Fig. 1 . In all reactions for synthesizing δ-C16, a thin-layer chromatography TLC plate was used to confirm the products. After all reactions, the product purity 99 was analyzed by gas chromatography with flame ionization detection GC-FID , and the fragment pattern was confirmed by comparison with previous studies using gas chromatography-mass spectrometry GC-MS 13 .
Analytical conditions
The analysis was carried out using GC-electron ionization mass spectrometry GC-EI/MS; GC: TRACE GC Ultra, EI/MS: ITQ1100, Thermo Fisher Scientific, Waltham, MA equipped with a capillary column InterCap FFAP, 20 m 0.18 mm i.d., 0.18 μm thickness, GL Sciences Ltd., Tokyo, Japan . The column temperature was programmed to remain at 60 for 6 min, increase to 250 at 5 min 1 ,
and hold for 20 min. The injector temperature was set at 250 . The flow rate of the carrier gas helium was 0.5 mL min 1 . The split ratio was 50:1 v/v and the injection volume was 1 μL. Electron impact spectra were acquired at 70 eV. Mass spectra were collected from m/z 20 to 300. The target compounds were detected at m/z 85 for all γ-lactones and at m/z 71 and 99 for δ-lactones, with the exception of δ-hexalactone δ-C6 . The δ-C6 species was detected at m/z 42. All analyses were carried out in triplicate and the mean values are presented.
Evaluation of separation behavior and CFs
The calibration curves for the respective lactone standards were obtained from the peak area of the GC-EI/MS chromatogram. Lactone standards were dissolved in methanol at concentrations of 1, 5, 10, 30, 50, 100, 250, and 500 μg mL 1 . The samples were injected into the GC-EI/MS and the peak areas were used to prepare the calibration curves. The concentration of the lactone standards was plotted on the x-axis and the peak area of the chromatogram for the lactone standards was plotted on the y-axis. All the calibration curves were expressed as first-order equations to evaluate the linearity. In this experiment, we used δ-undecalactone δ-C11 at a concentration of 30 μg mL 1 as an internal standard. Thus, the CF was calculated from Equation 1 by using lactone standards at a concentration of 30 μg mL 1 .
where A IS and A Lactone are the peak areas of δ-C11 and lactone, respectively, and C IS and C Lactone are the concentrations of the internal standard and lactone, respectively.
Recovery test using butter oil and coconut oil
To evaluate the recoveries, butter and butter with 30 μg mL 1 lactone standards added were used. For extraction of the lactones from the samples, four different organic solvents/mixtures were evaluated: 1 acetonitrile, 2 methanol, 3 methanol-cyclohexane 1:1, v/v , and 4 ethanol. Further, the sample-to-solvent ratio was varied as: 1 0.5 mL, 2 1.0 mL, and 3 1.5 mL per 0.5 g sample to determine the optimal conditions for achieving a high recovery. The same procedure was implemented using coconut oil to confirm the accuracy of the conditions employed for butter oil.
2.6 Quanti cation of lactones in normal and heated samples The lactone contents in butter and coconut oil were quantified by using the obtained CFs. The butter samples were melted at 60 . The completely melted samples were placed into a 45-mL polypropylene tube and centrifuged at 2,000 g for 30 s. Thereafter, the top layer was transferred to a 10-mL polypropylene tube. The samples were kept at 30 until analysis. Heated butter samples were also prepared as follows: 1.0 g of fat sample was transferred to a glass tube and the top of the tube was closed. The closed glass tube was heated at 160 for 2 h and the heated samples were thus acquired.
A 0.5 g sample both non-heated and heated was transferred to a polypropylene tube and the lactones in the sample were extracted using the selected organic solvent Section 2.4 . After centrifugation at 4,000 g for 4 min at 4 , the top layer was moved to another tube. To eliminate more TAG, the samples were kept frozen in a refrigerator 30 for 10 min to recrystallize the TAG, followed by further centrifugation at 6,000 g for 30 s at 4 . The methanol layer was analyzed by GC-EI/MS. The lactone content mg kg 1 fat was calculated from Equation 2 . where A Lactone and A IS are the peak areas for the lactone and internal standard δ-C11 , respectively, and W IS and W S are the weights of the internal standard δ-C11 and sample, respectively.
RESULTS AND DISCUSSION
The analysis of lactone content by using GC-MS equipped with a polar capillary column has been described by some articles 13, 26 . In the present study, we purchased or synthesized to obtain 15 kinds of lactone standards. Figure 2 shows the chromatogram of the lactone standards for total ion chromatogram TIC , m/z 71 and 99 for δ-lactone, and m/z 85 for γ-lactone. These were one of main fragments of δ-lactones and γ-lactones, and thus these ions were selected. All lactone standards were separated clearly, and δ-lactones and γ-lactones could be successfully separated by extracting specific molecular weight. It is obvious that γ-lactones were detected earlier than δ-lactones of the same carbon numbers. Table 1 shows the correlation coefficients R 2 of the calibration curves and
CFs of lactone standards. The calibration curves of the lactone samples were plotted between 1 and 500 mg L 1 as the first-order equations R 2 0.997 . It can be said that calibration curves of lactone samples showed good linearity. In TIC analysis, CFs of the lactone samples were increased with increasing their carbon number data not shown . By using specific fragmentation shown in section 2.2, the largest CF was obtained for δ-decalactone δ-10 and γ-nonalactone γ-C9 , as δ-lactones and γ-lactones, respectively. Both CFs showed mountain-type behavior. These results suggest that the lactone fragmentation pattern differed depending on the carbon number. Therefore, it may be necessary to calculate the CFs using lactone When extracting lactones from high-fat samples using an organic solvent, TAG in the extract must be removed 25, 26 .
In this study, four different organic solvents/mixtures acetonitrile, methanol, methanol-cyclohexane 1:1, v/v , and ethanol were compared in order to obtain a suitable extract solution. Ethanol was ineffective for separation of the lactones from butter oil, namely TAG, because the solubility of TAG in ethanol is good, forming a monolayer. However, at low temperature, more polar organic solvents such as acetonitrile and methanol were effective for TAG separation due to the polarity and melting point differences. Table 2 presents a comparison of the results of the recovery test with the three types of organic solvents, excluding ethanol, and three different solvent-to-sample ratios. The use of a large amount of organic solvent for the extraction of lactone clearly improved the recovery rate. All conditions using 0.5 mL and 1.0 mL solvent per 0.5 g sample led to larger variations in the recovery data than when 1.5 mL solvent was used. This is because when a small amount of organic solvent 0.5 mL and 1.0 mL is used, long-chain lactones, including the internal standard, are trapped by TAG due to their hydrophobic character. However, when 1.5 mL of organic solvent was used for the extraction, the lactones from C6 to C16 were not affected by the matrix TAG effect. Thus, it is thought that the short-and long-chain lactones were equally dispersed in the organic solvent under this condition. Acetonitrile was used as an extraction solvent in previous studies, where calculation of the distribution coefficient was required for quantification 25, 26 . In this study, three volume equivalents of methanol led to a better recovery rate 91.0-114.0 than that achieved with acetonitrile and methanol-cyclohexane 85.9-118.3 and 90.1-122.2 , respectively . In conclusion, methanol was employed as an extraction solvent for analysis of the lactones in coconut oil, associated with the sweet aroma. Table 3 shows the recoveries of the lactones from butter oil and coconut oil using 1.5 mL methanol per 0.5 g sample. The recovery rates for the lactones in butter oil and coconut oil were in the range of 91.0-114.0 and 87.5-107.0 , respectively. These results indicate that the developed conditions for extraction of the lactones from oil and fat are applicable not only to solid fats such as butter oil, but also semi-solid fats such as coconut oil. Moreover, this method may be applicable to other analytes based on the use of appropriate internal standards. For example, the recovery rate of short-and middle-chain free fatty acids FFAs such as butanoic acid C4 , hexanoic acid C6 , octanoic acid C8 , decanoic acid C10 , and dodecanoic acid C12 were within 91-115 Table 2 Recovery rates of lactone standards spiked into 0.5 g butter in different condition. Ethanol couldn t separate TAG by any solvent quantity Table 3 Recovery test of lactone standards spiked into 0.5 g fat samples using 1.5 mL methanol. when heptanoic acid C7 was used as an internal standard in milk fat Table 4 . These results indicate that extraction of polar compounds from solid fat or semi-solid fat is possible by using three volume equivalents of methanol per unit sample. This developed condition made it possible to quantify lactones and other compounds without using a distribution coefficient. Table 5 shows the content of lactones in butter and coconut oil samples. The determined lactone content was in agreement with that of previous studies 15, 26 28 . All of the butter samples had the same lactone composition, but the total lactone content differed slightly for the respective samples, especially for butter oil 78.5 mg kg 1 , where the lactone content was higher than those of the butters purchased from the supermarket butters A-C . Among the butter samples, butter C had a higher total lactone content 69.4 mg kg 1 than butters A and B 58.1 mg kg 1 and 65.5 mg kg 1 , respectively . Previous research showed that freshly secreted milk has a negligible lactone content, and heat processing of milk converted the 4-and 5-hydroxy fatty acid esters bound with TAG into γ-lactones and δ-lactones, respectively 1, 3, 10, 15 . In general, butter oil is produced from butter or cream. There is a possibility that butter oil is exposed to higher temperature during processing. Similarly, more lactone precursors would be converted into lactones in butter C during aging or processing. Compared to butter, coconut oil characteristically contains more δ-octalactone δ-C8 and δ-decalactone δ-C10 . Table  6 shows the lactone content of the heated butter and coconut oil samples. It is reported that the maximum amount of major lactones was reached for samples treated at 160 for approximately an hour. Thus, the estimated lactone precursors and total lactone content can be calculated by using this value. In this study, we quantified the lactone content in samples heated at 160 for 2 h Table  6 . Overall, all butter samples originally contained a large quantity of lactone precursors. In contrast, coconut oil contained little lactone precursors. The Total lactone content after heating]/[Total lactone content before heating TLAH/TLBH values are presented in Table 6 . The TLAH/TLBH values of butter oil and butters A-C were in the range of 2-2.6, whereas the value for coconut oil was almost unity. These results suggest that coconut oil contains no or almost no lactone precursors, whereas butter has the potential to release double the amount of lactone. The method developed in this study is deemed appropriate for the simple and quick quantification of lactones in oil and fat and can be applied to product quality monitoring. 
Solvent
Spiked lactone Butter oil (%) Coconuts oil (%)
CONCLUSION
In the present study, the separation behavior and CFs of lactone standards were investigated. The respective CFs were found to differ from the carbon number. The conditions for solvent extraction of both short-and long-chain lactones from fat samples were optimized, where the addition of three equivalents of methanol per unit sample produced a good recovery rate for all lactones when δ-undecalactone δ-C11 was selected as an internal standard. The developed method is not only applicable to other fat matrices such as coconut oil, but also to other analytes such as free fatty acids when internal standards having medium polarity are used as the internal standard. Quantification of the lactones in butter samples showed that the lactone content differed for various samples. The method developed herein is suitable for the simple and quick quantification of lactones in oil and fat, and this method may also be applicable for the quantification of other types of polar compounds in fat. Table 5 ]/[Total lactone contents shown in Table 4] 
